This paper shows a comparative analysis of theoretical model for biogas estimations in landfill sites in order to determine reliability, accuracy and efficiency by comparing results with actual data obtained in-situ. The model from the Environmental Protection Agency (EPA) and the Mexican model were selected to estimate biogas generation in a landfill site located in the State of Mexico, Mexico with 36 wells. Both models are based on a first order equation for degradation of organic matter assuming that the biogas generation reaches its maximum after a period of time and then biogas generation decreases exponentially while the organic fraction of waste is consumed. Measurement in-situ, using a landfill gas analyser (GA5000) /hr from Mexican model. The experiment evidenced significant variations in estimations versus actual measurements. Authors discuss the aspects and parameters that cause such variations in order to provide a comprehensive analysis which will help decision makers to base waste management strategies in Mexico on reliable data.
Introduction
Biogas is a mixture of methane (CH 4 ) (40% -70%), carbon dioxide (CO 2 ) and other gases (hydrogen, nitrogen, oxygen and hydrogen sulphide) generated by fermentation of organic materials [1] . Biogas is a flammable gaseous fuel com-energy recovery and has been widely used in heat and power plants, among other industrial applications [3] . Biogas can be used as an energy source, and can be used in combined heat and power engines. It can be used also as a natural gas substitute by removing CO 2 from CH 4 . The biogas is a versatile fuel that can be used for both energy generation and as feedstock for the chemical industry [4] .
Biogas in generated in high volumes is mainly in landfills (also known as landfill gas). In landfill, organic matter is decomposed in absence of oxygen which results of biogas emission to the atmosphere. Municipal solid waste (MSW) landfills are the third-largest source of human-related methane emissions worldwide, accounting for approximately 15.4 percent of these emissions in 2015 [5] . At the same time, methane emissions from landfills represent a lost opportunity to capture and use a significant energy resource [6] . The control and use of this gas need to estimate, with reasonable certainty, both daily production and the cumulative production of methane (CH 4 ) in the long term. However, regardless the method selected to conduct estimations, methodologies should consider [7] : 1) the diagnosis is only valid at the moment of assessment and its validity decreases with time if the landfill is not monitored; 2) the methodology can only be performed for municipal solid waste landfills, regardless of the scale operation; 3) Landfill waste composition may be obtained from reported historical data, waste characterization data at the population centre or from in-situ characterization.
Large number of researches have been conducted and proved that biogas in landfills is produced by long periods of time even after waste disposal ceases, dioxins, furans and other emissions of toxic gases creates risks of explosions and fires [8] [9] [10] [11] [12] . Therefore biogas emission should be monitored in order to ensure a proper treatment; such a treatment normally involves the capture and utilization of biogas for energy production purposes. Nevertheless, economic viability of projects for constructing and operating biogas plants requires accurate information regarding composition of biogas and methane emission in the landfill [13] . The amount of biogas produced at final disposal sites is a function of the amount of waste, type and age, landfill moisture content, temperature and management practices, for this it is necessary to make the estimation of greenhouse gases, especially biogas or methane gas [14] . The estimation of biogas generated by the solid waste found in the landfills can be carried out using methodologies such as the EPA model and Mexican model which are empirical models that are based on a first order equation for degradation of organic matter. Such methodologies assume that the biogas generation reaches its maximum after a period of time before methane generation, this period is one year after the placement of the solid waste to the generation of biogas; In addition, after one year of disposing of Municipal Solid Waste (MSW), biogas generation decreases exponentially while the organic fraction of waste is consumed [15] . Journal of Environmental Protection According to the above, this article considers the application of two theoretical models (EPA model and Mexican model) for the estimation of biogas in a MSW landfill in the State of Mexico, Mexico. Results are compared with accurate measurements obtained in-situ. This allowed the authors to identify degree of reliability and efficiency of theoretical models versus actual measurement in-situ by comparing variations and analysing parameters and aspect that can cause possible inconsistencies.
Methodology
The research was conducted applying different methodologies to estimate the biogas generated in "El Milagro" Landfill in the State of Mexico, Mexico. These figures were compared with real measurements obtained using a landfill gas analyzer (GA5000) in order to identify effectiveness in theoretical models.
EPA Model
The US Environmental Protection Agency through the Landfill Methane Outreach Program (LMOP) proposes a model which estimate landfill gas generation. This model requires data related to the average annual rate of waste disposed, the number of years the landfill has been or was open, the number of years that the landfill has been closed, the potential of waste disposed to generate methane and the rate of methane generation of the waste disposed [16] . The estimate of methane generated by the first order equation is expressed as follows [17] :
where LFG is the total amount of landfill gas generated in the current year or in consideration (ft 3 ); Lo is the total methane generation potential of the waste (ft 3 /lb); R is the annual average of waste disposed during the working life (pounds); k is the annual rate of methane generation (1/year); T is the time since the landfill opening (years); C is the time since the closure of the landfill (years) ( Table 1) .
Mexican Model
The model uses the following information to estimate biogas generation and recovery in a landfill: 1) The amount of waste deposited in the landfill annually, 2)
The year of opening and closing of the site, 3) The rate of methane generation (k), 4) The potential generation of methane (Lo), 5) The methane correction (Table 2 & Table 3 ). 
Measurement In-Situ
Biogas emission were measured in "El Milagro" landfill located in the State of Mexico, Mexico. The landfill has 36 wells from which 20 refers to wells with flaring system whereas 16 are only used to release biogas to the atmosphere. The measurements included data from 36 wells which are in full operation currently.
The average height of each well is estimated in 30 m with a total length of 60 m.
The general information about the landfill which was also used to feed EPA and
Mexico Model algorithms, is show as follows ( Table 4 ).
The 
Results

Results Measuring In-Situ
Measurements in-situ resulted in the following values (Table 5) : Table 6 . Source: Self-elaborated with data from the GA5000.
Results Using Mexican Model
Mexican model is based on an Excel spreadsheet and is based on a first-order degradation equation. This model requires the user to feed specific data such as the year of opening, year of closure, index of annual disposition, location of the site and answer some questions regarding past and present physical conditions of the site. The model provided values for the methane (k) generation index and potential methane generation (Lo) [19] . These values were developed using specific climate data, residue characterization and waste disposal practices from
Mexico and estimated the effect of these conditions on the amounts and indices of biogas generation. Table 7 shows parameters used during modelling data. Table 8 shows data until 2025, the model reported estimated data until 2037 that is the year projected for the landfill closure.
As reported in Table 8 , the Mexican model estimates the biogas generation since the opening year of the landfill in contrast with the measurement in-situ, which provides accurate data but only in the time the biogas is measured. Estimations of biogas for following years are not provided by the equipment used in the measurement in-situ.
Results Using EPA Model
EPA Model is represented by the LFGcost-Web, which is a spreadsheet tool developed for EPA's Landfill Methane Outreach Program (LMOP) to estimate the costs of a landfill gas (LFG) energy projects. This tool consists of 12 required inputs to characterize the age and size of the landfill, the type of LFG energy project, and other input parameters relating to the project. Table 9 shows the main figures obtained in the EPA Model.
Discussion
Values obtained showed different levels of biogas generated. Theoretical models (EPA and Mexican model) generated estimations based on first-order degradation equations. These models resulted in marked variations as can be observed in Figure 1 .
Variations on results are given by the assumptions of each model. In the EPA the landfill gas (LFG) generation estimation produced by the model is multiplied by the collection efficiency to estimate the volume of LFG that can be recovered States that meet US design standards and have "comprehensive" LFG collection systems [17] . Reported collection efficiencies at such landfills typically range from 50 to 95 percent, with an average of 75 percent most commonly assumed, this implies that levels of biogas estimated can significantly vary based on the multiplication of values that EPA models applies. In addition, the model typically assumes that a comprehensive system will be installed for sites without collection systems, and that future collection efficiency estimates may reflect Figure 1 shows the estimated methane generations for projected years in the landfill "El milagro". As can be noted, there is slight variation in the values obtained in both models. For the case of the Mexican model calculate the annual disposition indexes using the information fed by the user, (this data was described in Table 4 organic waste, whilst high-income countries present highest proportions of paper, plastics, and other inorganic materials [21] . Table 10 illustrates the different values of the composition of waste by income level. The table was constructed with information from the World Bank, which includes data from 105 countries classified by income and with generation rates from 2006 to 2012. The generation rate included urban areas only and in some countries the composition values were from one city only. Table 10 shows that low-income countries have an organic fraction of 64% compared to 28% in high-income countries. This shows that, as a country become wealthier, the organic fraction decreases while consumption of inorganic materials increases; however, in low and middle-income countries, there is a high percentage of organic matter ranging from 40% to 85% of the total [22] . This is an important factor due to waste composition in Mexico includes a high amount of organic waste which results in an increasing generation of biogas. Therefore, even thought the implementation of new and sustainable technologies should be apply for biogas capture and exploitation, it can be seen that in middle income countries such as Mexico, the waste management strategy must begin with actions for the reduction of organic matter disposed of landfill sites.
For the case of the Mexican model, which reported an average emission of methane of 6780.56 m 3 per hour (approximately 100% more than the actual measurement in-situ), the estimation followed a similar trend; data bases of the model include a characterization of waste considering a high present of organic matter. In the case not only of the landfill "El Milagro" but also for the majority of landfills in Mexico, composition of waste is unknown and assumptions made by the Mexican model do not consider also the absence of different materials which are sorted by third parties before the disposal of waste. It must be noted that regional analysis on biogas production potential is an important reference for the construction of large and mediums biogas projects, therefore accuracy of data should be assured [23] .
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Conclusion
Measurement in-situ evidenced lower methane emissions than values estimated by theoretical models (In-situ = 3355.99, EPA model = 4885.74, Mexican model = 6780.56). Variations in values obtained are given by different aspects and parameters that each model assumes, also, actual characteristics of landfills in Mexico significantly differ from assumption about composition of waste. EPA model and Mexican model present similarities in the estimation method used, in both cases a first order equation evaluates pre-defined parameters however the measurement in-situ showed that the complexity of the elements necessary for the estimation of biogas generated can significantly impact on results. Theoretical models provide projections that can be used as a preliminary information to conduct a more reliable measurement. In an actual measurement in-situ using technical equipment, vales may vary from those estimated in theoretical models, however, estimation of theoretical models allow those interested in the subject to have a more precise idea of the scope and limitations of each of model and to direct their efforts and resources in further analysis, taking into consideration that theoretical models may underestimate and overestimate the projected biogas generation. If data and values expected from the theoretical models are intended to be used a base to make decisions regarding waste management strategies, including the implementation of waste-to-energy technology, or to undertake environmental programs focused on reduction of biogas emissions, therefore, theoretical models should be avoided and used only as preliminary results, in such cases, an actual measurement in-situ has to be conducted. If measurement in-situ cannot be conducted given lack of resources, therefore, special attention should be paid to the theoretical model chosen for the projections and data from the landfill should be the most reliable and accurate as possible, in order to be more precise in the prediction.
